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ABSTRACT 

In this paper free-viewpoint rendering is addressed and a new 
fast approach for virtual views synthesis from view-plus-depth 
3D representation is proposed. Depth layering in disparity do-
main is employed in order to optimally approximate the scene 
geometry by a set of constant depth layers. This approximation 
facilitates the use of connectivity information for segment-based 
forward warping of the reference layer map, producing a com-
plete virtual view layer map containing no cracks or holes. The 
warped layer map is used to guide the disocclusions inpainting 
process of the synthesized texture map. For this purpose, a 
speed-optimized patch-based inpainting approach is proposed. In 
contrast to the existing methods, patch similarity function is 
based on local binary patterns descriptors. Such binary represen-
tation allows for efficient processing and comparison of patches, 
as well as compact storage and reuse of previously calculated 
binary descriptors. The experimental results demonstrate real-
time capability of the proposed method even for CPU-based 
implementation, while the quality is comparable with other view 
synthesis approaches.  

Index Terms — free-viewpoint rendering, depth-image-
based rendering, view-plus-depth, depth map, layer-based, dis-
occlusion inpainting, local binary patterns, real time 

1. INTRODUCTION 

Free-viewpoint rendering (FVR) refers to a functionality allow-
ing a user to interactively choose viewpoint and viewing direc-
tion and to freely move within a 3D visual scene. Virtual view 
rendering from a limited number of real views of a 3D scene has 
recently become a popular research area. One particular view 
synthesis method is depth-image-based rendering (DIBR), which 
generates virtual views using a single or multiple view-plus-
depth inputs [1]. In this paper we consider view rendering from a 
single view-plus-depth input consisting of a texture image and 
its corresponding depth map, which associates a depth value to 
each image pixel. Classical DIBR techniques project points from 
the reference view onto a virtual viewpoints based on 3D warp-
ing equations and available depth information [2]. The main 
problem of DIBR is that the scene regions occluded by the fore-
ground objects in the reference view may become visible in the 
virtual views. These regions contain no information and are of-
ten referred to as ‘holes’ or ‘disocclusions’.  

A number of methods have been proposed to fill in the dis-
occuded regions using information from available neighboring 
pixels. State-of-the-art disocclusion-filling methods are based on 
the exemplar-based inpainting algorithm proposed by Criminisi 
et al. [3]. The basic algorithm works in two steps and iterates 
until no empty pixels are left. The first step is to calculate priori-
ty for pixels along the hole border in order to determine the next 
patch to be filled. The priority function is a combination of a 
"data term" defining where the texture structure is the strongest 

and a "confidence term" defining the number of the known pix-
els in the neighborhood. The second step is to search for a patch 
that best matches the target patch in order to fill in the missing 
pixels in the target patch. This way the structural and textural 
information is effectively propagated in the missing regions. In 
the context of DIBR, disoccluded regions are assumed to contain 
background information. However, the original exemplar-based 
inpainting technique was designed for objects removal purposes, 
and when applied directly to disocclusion inpainting, it cannot 
differentiate between foreground and background areas and 
might propagate foreground information into the disoccluded 
regions. To eliminate these artifacts depth information has been 
utilized to guide the inpainting process [4]-[7]. In [4], a depth 
constraint is added to the priority function in order to favor 
background over foreground. A depth comparison term is also 
added to the similarity function, so that patches with the same 
depth level are considered more similar. The method proposed in 
[5] is based on [3] and [4]. The authors replace the data term 
with 3D structure tensor and calculate the priorities only along 
the background border to force the filling order from background 
to foreground. Both methods assume that the complete depth 
map at the virtual view is available. However, in practice this 
assumption does not hold. In [6] and [7], a more general case 
when only a warped depth map is available during the inpainting 
process is considered, and the holes in the warped depth map are 
filled simultaneously with the texture. In both approaches the 
source region is classified into foreground and background, and 
the disocclusions are filled from the background side. In [6], the 
priority function is modified to use more robust structure tensor 
together with the epipolar directional term. In [7], depth-guided 
directional priority is used to selects background patches. How-
ever, foreground boundaries are not always well identified by 
these methods due to fixed thresholding and missing depth in-
formation which lead to wrong inpainting results.  

In summary, the state-of-the-art depth-aided inpainting me-
thods consist of two stages: warped depth map inpainting and 
depth-aided texture map inpainting. Usually warped depth maps 
contain single missing pixels due to resampling. Those are con-
sidered outliers or ‘cracks’ and have to be removed e.g. by me-
dian filter [8]. Since depth map is a piecewise smooth grey-scale 
image with no high-detail texture, it is easier to be filled. The 
simplest approach to fill depth map is depth-based extrapolation, 
e.g. the disocclusion region is searched (usually in horizontal 
direction) and filled by minimum depth value of the found boun-
dary pixels. In [9], the authors observe the relation between the 
disoccluded areas and the reference camera position. Based on 
this observation the filling direction is chosen to be the vector 
pointing from the epipole point (projection of the reference cam-
era position onto the virtual view) to the center of the virtual 
view depth map. In [10], a novel forward projection technique, 
called Joint Projection Filling (JPF) is proposed. The virtual 
depth map is synthesized by the JPF method in a single step: for 
every projected pixel the distance between this pixel and the 
pixel last projected on the same row is analyzed to determine 
whether there is an overlap, crack or disocclusion. Then cracks 



are filled in by interpolation of neighboring p
sions are filled in by background pixels, thu
ed filtering and inpainting procedures are avo

In this paper a fast approach for virtu
from view-plus-depth data is proposed. Fir
transformed into a layer map based on the d
ciated with each depth value. This layered re
preserving connectivity information during t
of the reference layer map. A segment-based 
is used to warp the layer map on a segme
rather than pixel-by-pixel. In contrast to c
warping, the warped layer map contains no 
there is no need to apply additional post-p
tained layer map is then utilized to compute 
tual view pixels and during the inpainting
areas in the texture map. For this purpose
patch-based inpainting approach is proposed
lows the basic concepts of depth-aided inpa
layer map is used in a similar manner as dep
inpainting process, while the patch matching
use a similarity measure based on local binar
sity and layer data of a patch is transformed 
tors, which allows for efficient processing w
patches as well as compact storage of preca
(in order to skip the calculations when the s
be evaluated as a matching pair). We illustra
of our approach with different view synthe
synthetic and real data.  

2. THE PROPOSED METH

In this section layer-based view synthesis m
First, the reference depth map is transforme
Then, the forward warping of the layer ma
ment-by-segment basis, producing a comple
map. The backward projection is then use
virtual view. Finally, the inpainting is perf
computed layer map to fill disoccluded areas

2.1 Depth layering 

The input is formed by the aligned textur
where the depth map reflects the distance 
camera image plane to the points in the scen
system each pixel at coordinates (u,v) in th
needs to be assigned to a particular layer acc
ty value (displacement of a pixel in a virtua
depth-to-disparity mapping with respect to 
view dependents on the distance between th
intrinsic parameters and can be calculated as 

),(
),(

vuz
fbvud ⋅= , 

where f is the reference camera focal length
b is the distance between the cameras (base
the depth value in meters and d is the corres
pixels. The values in disparity domain are l
mum and minimum disparity in the scene d
be segmented into N constant disparity layer
ing pixels with disparity within the interval 
first layer l1 = dmin, within the interval [dm
second layer l2 = dmin+1, and so on until dmin+
val [dmin+N-1, dmax) corresponds to the last la

Uniformly placed layers in disparity d
uniform in depth domain: layers are sparse
their density is increasing at closer depths 

pixels, and disocclu-
us the use of dedicat-
oided.  
ual views rendering 
rst the depth map is 
disparity values asso-
epresentation allows 
the forward warping 
 projection approach 
nt-by-segment basis 

classical point-based 
cracks or holes and 

processing. The ob-
the color of the vir-
 of the disoccluded 
, a speed-optimized 
d. Our approach fol-
ainting methods; the 
pth map to guide the 
g step is modified to 
ry descriptors. Inten-
into binary descrip-

when comparing two 
alculated descriptors 
same patch needs to 
ate the effectiveness 
esis examples using 

HOD 

method is introduced. 
ed into a layer map. 
ap is done on a seg-
te virtual view layer 

ed to synthesize the 
formed utilizing the 
 in texture.  

re map depth map, 
from the reference 

ne. For a layer based 
he input depth map 
ording to its dispari-
al view). The actual 
the targeted virtual 

he cameras and their 
follows: 

(1) 

h measured in pixels, 
eline) in meters, z is 
sponding disparity in 
limited by the maxi-
dmin and dmax and can 
rs as follows: assign-

[dmin, dmin+1) to the 
min+1, dmin+2) to the 
+N ≥ dmax . The inter-
ayer lN = dmin+N-1.  
omain become non-
er at far depths and 
(Figure 1). Thus, a 

layer map can be seen as non-un
The difference between the dispari
layer is less than one pixel, mean
of the layered-depth representation
Such flat layered representation p
of the scene geometry by a set o
still allows for accurate view synth
project the reference layer map on
ing the connectivity information as

2.2 Forward warping of the laye

DIBR techniques project points fr
virtual viewpoints based on war
depth information. However, straig
tion results in visual artifacts, like
order to avoid these artifacts, we
information, which can be extract
presentation of the scene geometry
approach is used to warp the refer
by-segment rather than pixel-by-pi

Consider a single line of pi
map. A segment is one or more pix
same layer. Segmentation of a lin
segment belonging to a lower laye
not interrupted in case it is partly
higher layer (closer to the camera)
is achieved by maintaining a stac
structure contains two fields: laye
segment. Let Lt is the layer numb
the stack, p is current pixel in the 
the current pixel. The stack is mai
ple rules:  

1. a lower segment cannot be p
2. if Lp = Lt: do nothing, procee
3. if Lp > Lt: a higher segment 

segment on top of the stack with t
the start point equals p, proceed to 

4. if Lp < Lt: a lower segment in
placed in the stack, because the 1
place the current segment, all th
removed from the stack, i.e. projec
the end point equals p. Then the 2n

5. if the end of line is reached
i.e. the rest of segments in the stac
virtual view with the end point equ

Each segment has constant de
gated rectangular area, because ev
area, e.g. a pixel at coordinates (u
0.5) to (u+0.5, v+0.5); a segment s
three pixels covers area from (u-0
order to render virtual layer map
ponding to each segment have t
viewpoint: the corners of the se
virtual view and integer coordinat
gle are assigned to the correspo

Figure 1. Depth layering in a) dis

niformly quantized depth map. 
ity values assigned to the same 

ning that the quantization error 
n is less than one pixel as well. 
provides a good approximation 
of constant depth layers which 
hesis. It also provides a way to 

nto a virtual viewpoint preserv-
s described in the next section.  

r map 

rom the reference view onto a 
rping equations and available 
ghtforward point-based projec-
e disocclusions and cracks. In 
e propose to use connectivity 
ted from the layered-depth re-
y. A segment-based projection 
rence layer map on a segment-
ixel basis.  
ixels from the reference layer 
xels in the line belonging to the 
ne is done in such a way that a 
er (further from the camera) is 
y occluded by a segment of a 
 as illustrated in Figure 2. This 
ck of segments. The segment 
er number and start point of a 
ber of the topmost segment in 
line, Lp is the layer number of 
intained by the following sim-

put on top of a higher segment; 
ed to the next pixel p+1; 
in the line is found, place new 

the layer number equals Lp and 
the next pixel p+1; 

n the line is found, it cannot be 
1st rule is violated. In order to 
he higher segments should be 
cted onto the virtual view with 
nd or the 3rd rule is applied; 
d, the stack should be emptied, 
ck should be projected onto the 
uals to the end of line.     
epth value and covers an elon-
very pixel covers a pixel size 

u,v) covers area from (u-0.5, v-
starting at (u,v) and containing 
0.5, v-0.5) to (u+3.5, v+0.5). In 
p, the rectangular area corres-
o be warped onto the virtual 
gment are projected onto the 
tes within the projected rectan-
nding layer. During warping, 

 
sparity and b) depth domain;  



overlapping might appear, so it is necess
ordering of the layers, i.e. when projecting a
number should not be copied to a pixel if i
higher layer number. 

Layering, segmentation and projection 
pass through the depth map. Figure 2 pre
layer map produced by the segment-base w
seen, the synthesized layer map contains n
layers cover disocclusions.  

2.3 Virtual view synthesis 

The texture of the virtual view is obtained by
utilizing the synthesized layer map. The laye
formed into a depth map by substituting the
the corresponding depth level value and add
of the translation vector. Each pixel of the vi
back onto the reference view where the colo
terpolated. However, the disoccluded region
are warped to the same regions of the refere
cluding objects, thus in order to detect diso
borhood of the projected points is checked fo
The four-point nearest neighborhood is cons
the projected point can be interpolated only 
of the projected point contains pixels belon
neighboring layers (l±1). Disoccluded region
the pixels where no value was assigned, see F

3. INPAINTING OF DISOCCLU

After projection, disocclusion areas in the 
should be filled. For this purpose a speed-op
inpainting approach is proposed. Our approa
concepts of the exemplar-based inpainting m
the introduction section. It is an iterative pro
of two main steps: priority calculation and
this section, we describe our proposed modif

3.1 Layer-based priority computation 

Disocclusions are assumed to contain back
achieve better inpainting results, the priority
constructed such that disocclusions are inpai
ground to the foreground. Priority of a pixel
is defined as multiplication of the confidence

),(),(),( vuDvuCvuP ⋅= , 
where C(u,v) and D(u,v) are defined accor
algorithm [3]. Originally, at initialization the
set to C(u,v) = 0 for missing pixels and to 
pixels, thus it gives higher priority to patche
of their pixels already filled. In order to imp
ing order from the background to foregroun

 

Figure 2. Top: line segmentation; Bottom: layer m
layer map, b) point-based warping and c) segm

sary to maintain z-
a segment, the layer 
it already contains a 

are done in a single 
esents a synthesized 
warping. As can be 

no cracks and lower 

y backward warping 
er map can be trans-
e layer number with 
ing the z-component 
irtual view is warped 
or of the pixel is in-

ns of the virtual view 
ence view as the oc-
cclusions the neigh-
or layer consistency. 
sidered. The color of 
if the neighborhood 

nging to the same or 
ns are determined by 
Figure 3. 

USIONS 

virtual texture map 
ptimized patch-based 
ach follows the basic 
methods reviewed in 
ocess, which consists 
d patch matching. In 
fications in detail. 

kground textures. To 
y function should be 
inted from the back-
l at coordinates (u,v) 
e and data terms:  

 (2) 
rding to Criminisi’s 
e confidence term is 
C(u,v) = 1 for filled 
es which have more 
pose the desired fill-
nd we have modified 

the confidence term initialization o
the available layer information as f

),( ⎜
⎝
⎛ −= NvuC

where l(u,v) is the layer value of a
ber of layers. This way initial C(
decreasing from the background to
confidence values to the foregroun

3.2 Patch matching with modifie

Traditionally, patch similarity co
spatial domain using pixel differen
ferences (SAD). In order to reduc
patch matching function is modifi
based on local binary patterns (LB
ture descriptors combine texture an
to their discriminative power and
been widely used in various compu
In its simplest version LBP descr
ing the pixels in a local 3×3 wind
culate patch similarity we use a m
compares all the pixels (includin
value of the pixels in a patch. The
patch is defined as follows:  

⎩
⎨
⎧

=Ω pif
pif

LBP
,0
,1

where Ω is the patch area, p is a
mean value of the pixels in the pat

We encode the binary LBP d
coded patch of n×n pixels therefor
bit per pixel. Such binary represen
both compact storage of calcula
processing when comparing two p
the previously calculated descripto
tions when the same patch needs 
as a candidate patch.  

The layer map is considered 
along with the texture map to fi
target patch containing some emp
calculated using available data, i.e
over the filled pixels and only the 
pixels are taken into account whe
The best matching patch is found
cost function:  

)()(

(),((),(

qmpm

LBPpLBPdqpcst

II

II

+−⋅+

=

α
where p is a target patch and q is a
window (only a patch containing n
candidate patch); LBPI(p) and LBP
descriptors; LBPL(p) and LBPL(p)
scriptors; d(·,·) is Hamming dista
tors; mI(p) and mI(q) are mean inte
converted into intensity); mL(p) an
α and β are positive weighting para

The Hamming distance betw
computed by taking XOR of the t
it by the mask bit string (AND op
ponding to the empty pixels, then
sult (i.e. population count). A strai
ing set bits is to loop through a b
whether or not a bit is set. A mor
used on most platforms is a pr
XORed bit string is interpreted as

 

map warping a) initial 
ment-based warping 

of the filled pixels and utilized 
follows:  

4),(
⎟
⎠
⎞−

N
vul ,  (3) 

a pixel and N is the total num-
(u,v) is defined over [0;1] and 
o the foreground assigning low 
nd pixels.  

ed local binary patterns 

omparisons has been done in 
nces, e.g. sum of absolute dif-
ce the computational cost, the 
ied to use a similarity measure 
BP) descriptors. The LBP tex-
nd structure properties and due 

d computational simplicity has 
uter vision applications [11].   
riptor is calculated by compar-
ow to the center pixel. To cal-

modified version of LBP which 
ng central pixel) to the mean 
e modified LBP descriptor of a 

Ω∈
<
≥

Ω

Ω p
mp
mp

,   (4) 

a pixel in the patch, mΩ is the 
ch.  

descriptor by bit string. The en-
re has the size of n×n bits, one 
ntation of the patch allows for 

ated descriptors, and efficient 
patches. It makes sense to store 
ors in order to skip the calcula-
to be evaluated multiple times 

in the patch matching process 
nd the similar patches. For a 

pty pixels, LBP descriptors are 
e. the mean value is calculated 
bits corresponding to the filled 
en comparing two descriptors. 
d by minimizing the following 

,)()(

))(),(())(

qmpm

qLBPpLBPdq

LL

LL

−⋅+

++

β
 (5) 

a candidate patch in the search 
no empty pixels can be used as 
PI(p) are corresponding texture 
) are corresponding layer de-
ance between the two descrip-
ensity values (RGB values are 

nd mL(q) are mean layer values; 
ameters.  
ween two descriptors can be 
two bit strings and multiplying 
eration) to exclude bits corres-

n counting set bits from the re-
ightforward solution for count-
it string and count one by one 
re optimal solution that can be 
recalculated lookup table: the 
s an integer, and is used to in-



dex the lookup table. For instance, using 16 bit segments, bits of 
a 64-bits bitstring is processed with 4 memory lookups. 

Theoretically there are no constraints for the patch size. 
However from a practical point of view, 8×8 patch size is pre-
ferred as it results in a 64 bit representation of a patch, which 
efficiently maps into one or two registers in modern CPUs. 

4. EXPERIMENTAL RESULTS 

 In our experiments we used two test video sequence, namly 
“Ballet” and “Break dancers”. These are 8-camera sequences 
with baseline 300 mm and 400 mm respectively and the same 
spatial resolution of 1024×768 pixels [12]. Each central view 5 
is used to synthesize view 4. The visual results are shown in 
Figure 3. The disoccluded areas are marked black. It can be seen, 
that our algorithm preserves objects boundaries and correctly 
propagates the required background information into the disoc-
cluded areas. To evaluate the objective performance of the algo-
rithm, peak signal to noise ratio (PSNR) evaluation metrics is 
used. For comparison, we have used the results presented in [6], 
where a table of average PSNR values over 100 frames for the 
methods proposed in [3][4][5] is provided. The same results 
along with the PSNR evaluation of the proposed method are 
given in Table 1. The objective evaluation results appear to be 
comparable to the existing algorithms, but for much lower com-
putational cost.  

Table1. PSNR evaluation of the proposed and other methods  
Test seq. [3] [4] [5] ours 
BA 5→4 27.09 28.91 28.70 29.05 
BR 5→4 29.46 24.71 28.59 28.18 

 To measure the performance, the proposed method was 
implemented in C++ and tested on a computer with Intel Core 
i7-4500 1.80GHz CPU. The performance results are measured 
for the “Ballet” sequence: the 5th camera first frame is used to 
synthesize a view from the 4th camera. Figure 4 compares the 
execution time of our algorithm implemented with LBP-based 
and with SAD-based similarity measure. As expected, due to 
reuse of precalculated descriptors the execution time for LBP-
based approach grows much slower depending on the search 
window size, and is still at interactive frame rate even when the 
search window radius is set to 50 pixels, while SAD-based im-
plementation runs 10 times slower at this point. 

5. CONCLUSION 

We have proposed a speed-optimized rendering approach for 
virtual view synthesis from view-plus-depth data. The speed 
gains are achieved by employing depth map layering in disparity 
domain and by utilizing local binary patterns descriptors as a 
similarity measure for the exemplar-based texture synthesis. The 
layered representation facilitates a segment-based layer map 
warping, producing a warped layer map which contains no 
cracks or disocclusions, eliminating the need of additional post-
processing. The binary representation of a patch data allows for 
efficient processing and comparison of patches, as well as com-
pact storage and reuse of previously calculated binary descrip-
tors. We use 8×8 patch size as it utilizes hardware efficiently, 
however it may be tricky to change the window size freely and 
retain the computational benefits.  

The experimental results demonstrate the real-time capabili-
ty of the proposed method even for CPU-based implementation, 
while the quality is comparable with other view synthesis ap-
proaches. Future work will address further improvements of the 
speed and quality of LBP-based inpainting and will target better 
temporal consistency of the inpainting results. 
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Figure 4. Execution time LBP-based and SAD-based implementation  

Figure 3. Results for proposed LBP-based inpainting. Left: synthesized 
view with disocclusions. Right: inpainted view. 
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